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'INTRODUCTION 
.Only limited study has been conducted in the area 
-�f photoirradiation of trans-stilbene adsorbed on silica 
-�el or alumina. These previous studies were characterized 
'by the inunediate removal of ·the .resultant irradiation . : 
:products from the solid matrix. Hecht, however, has noted 
·-that if an irradiated system was left on alumina and moni-
tored by reflectance spectroscopy the irradiation products 
:did not produce a stable system, but a return of trans­
$tilbene was noted. The purpose of this work has been to 
.investigate this behavior. 
2 
HISTORICAL 
Stilbene · 
Stilbene occurs as two known geometric isomers, trans- · 
stilbene (M.P. 124-12S0c)1 and cis-stilbene (M.P� 5-6°c�. 
Trans-stilbene is planar with the phenyl rings lying in the 
plane 0£ the ethylene double bond, while cis�stilbene is 
nonplanar due to the twisting of one phenyl ring by approx­
imately 30 degrees2 to �elieve steric hindrance betweeri 
the ortho hydrogen atoms . Both compounds undergo photo-
isomerization and cis-stilbene thermally isomerizes to 
trans-stilbene. 
The photochemical behavior of trans and cis-stilbene 
in solution (Figure 1) depends upon the wavelength of 
irradiation, concentration, presence of oxygen and tempera-
ture. Irradiation of trans-stilbene at concentrations of 
less than 0.05 M with 313 nm light- in an oxygen-free solu­
tion at o0c results in the formation of a photostationary 
state comprised of 7% dihydrophenanthrene (DHP) , 86% cis".'"" 
stilbene , and 7 %  trans-stilbene314• DHP is a thermally 
unstable product with a solution half life of approxi�. 
mately 2 hours at 30°c3'5• The thermal decay of DHP 
�esults exclusively in the formation of cis-stilbene3,G. 
This gives a final solution concentration of 93% �is­
stilbene· and 7% trans-stilbene
7
• If oxy�en is present in 
the solution during irradiation, or admitted afterwards, 
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Figure 1. Photochemical behavior of stilbene in solution. 
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DHP i s  converted to phenanthrene with 90% � f ficiencya . 
With starting concentration s of  trans-stilbene in exce ss  
o f  0.05 M, approximately 7% tetraphenylcyc lobutane i s  
formed9 , lO . The irradiation of  cis -stilbene at 2 8 0  nm in 
an oxygen-free solution at o 0c results in the formation of 
a photostationary state with 2 2 % DHP , 56% c is -sti lbene 
and 2 1% tran s - stilbene3• 
The photoisomer ization o f  c i s  and tran s -sti lbene in 
solution take s place through a variety of pathways 
involving exc ited s inglet and triplet state s {Figure 2). 
The photoisomeri z ation o f  trans to c i s - stilbene appears to 
con s i st of two processe s .  A direct convers ion of  the 
excited s inglet of trans-stilbene to c is -s ti lbene can 
occur4 , l l , 12 , or intersystem cross ing o f  a trans exc ited 
4 
s inglet to a trans triplet takes place with further decay 
to a metastable intermediate13 , 1 4 • Decay o f  thi s  inter­
mediate produces either the cis  or  tran s ground statel 3 , 14 . 
The photoisomerization o f  c i s  to tran s - st ilben� appears to 
occur only through the intersystem cro s s ing of the excited 
cis  singlet to  the cis triplet and then through the conunon 
metastable intermediate to cis  or tran s - s t ilbene
1 3 , 14 • DHP 
i s  formed only through the exc ited singlet of  cis­
stilbenel4 , while the formation of tetraphenylcyclobutane 
takes place through the exc ited s inglet o f  tran s ­
stilbene1011 5. 
tetraphenylcyclobutane 4-- S1,. trans S1, cis ______... dihydrophenanthrene 
h'\) 
\ I 
Ti, �is, trans 
1 
metastable 
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I \ 
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Figure 2� Schematic of excited state behavior of stilbene (energy levels 
not drawn to scale . · 
U1 
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Stilbe ne adsorbe d  o n  a sol i d  matrix ( s i lica gel or 
alumina) -ex hi bi ts a sl ightly a l te red p ho to chemi cal behavio r 
(F igure 3 ). Irradiatio � of trans -s ti lbene at 31 3 nm 
results in a pho tostationary s tate contai ning 6 0% c is ­
stilbe ne on s ilica gel in a cyc lohexane s l urry
7
, o r  
app ro ximate ly 2 0-30% cis and 70-8 0% trans -s til be ne o n  
1 . 1 6  a umina • Formati on of DHP occurs to a l imited extent 
with irradia tion above �00 run, but i s  more s igni f i cant at 
wave l e ngths les s tha n 300 nm1 6 • DHP is converted to 
16 phenanthrene with oxy gen pres e nt e ven though i ts thermal 
decay to c i s -s til bene app ea rs to be acc e l erate d by alumina 
3 
or s ilic a  gel Irradiation o f  phe nanthrene be low 300 run 
in the p re s e nce o f  ·oxyge n produce s  9 , 10 phe na nthro qui none16• 
The formatio n o f  tetraphe nylcyc lobu ta ne i s  not observed16 • 
Cis -s ti l be ne undergoes thermal isomeri za tion i n  solu­
tion and i n  the vapo r  phase . The ene rgy o f  acti va tion in 
17 so lution is 4 6 ±2 kca l /mo l e  and i n  the vapor pha s e  4 2 . 6 ±1 . 0  
kca l/mo le 1
8 • The isomeri z ation occurs through e i the r the 
vibra tiona l ly exci ted ground s tate o r  the firs t exci ted 
triple t whe re the c entral bo nd is reduced in doubl e bo nd 
charac te r1
9
• Iso me ri zation i n  solution i s  catalyz ed by 
2 0  · ·a l.k AlCl 2 1 d radical s  such a s  Br , Le wis ac i s i e 3 , a n  
Broens ted acids such as H2 S04
2 2  Al l ha ve the e f f ect of 
re mo ving the double bond character at the ce ntral bond . 
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Figure 3. Photochemical behavior of stilbene on a 
.s6lid matrix . 
'-J 
The energy of  activation for H2S04 -catalyzed isomerization 
is 21. 7 kcal/mole2 2 • 
The absorption maximums and mo lar absorptivities of 
the molecular spec ies involved in this  study are l i s ted in 
Table l� 
A lumina 
8 
Alum ina i s  genera l ly prepared by partial dehydration 
of aluminum hydrox ide which i s  precip itated from sodium 
aluminate with carbon dioxide2 3  or obtained by hydrolysis 
o f  a luminum isopropoxide2 4 • The prec ipitated alum inum 
hydroxide i s  scintered; depending upon the temperature , 
various crystalline forms of alumina are obtained. Heating 
between 2 0 0° and 60 0°c results in the low temperature � , 
" , . x and p aluminas . At temperatures o f  9 0 0  to lOOo0 c 
the higher temperature -e-, cf , and X. aluminas are 
formea2 5. Scintering at l l 0 0°c or above results in ()(" 
alumina which is  chromatographically inactive . Conunercial 
chromatographic aluminas are general ly a mixture of the low 
temperature forms2 5  •. The structure and propertie s  of the 
various low temperature aluminas are fairly s im i lar
2 5126� 
Aluminas which are prepared from sod ium aluminate can 
be obtained in three different forms characteri zed by the 
pH of the ir aqueous extracts 2 3• Ba s ic a lumina (pH 9-10) 
results
. 
from the hydrolysis of exce s s  sodium aluminate, 
while neutral alumina (pH 7 . 5 - 8) has the excess sodium 
Table 1. Absorption maximums and molar absorptivities for compounds in the 
study. 
�(nm) E Solvent 
Phenanthrene 252 4 6.6 x 10
4 292 1.6 x 10
2 
cyclohexane 
345 2.1 x 10 
Tetraphenylcyclobutane 261 9.5 x 102 ethanol 
Dihydrophenanthrene 297 4 methylcyclohexane 2.1 ·x  104 310 2.2 x 103 and isohexane 450 6 .8 x 10 
9,10 Phenanthroquinone 252 4 ethanol 3.2 x 103 283 1.0 x 10 
427 intense 
Cis-stilbene 283 4 ethanol 1.2 x 10
4 222 2.5 x 10 
Trans.:.stilbene 320 4 ethanol 1.6 x 10
4 308 2.5 x 104 295 2.5 x 10
4 229 1.6 x 10 
Ref. 
51. 
46. 
3. 
54 ,55. 
52. 
52. 
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alwnina te leached out. Aci dic alumina ( pH 4-5. 6 )  i s  
washed with di lute HCl until the aqu eous extrac t i s  o f  the 
proper pH2 3• 
An idea liz ed model o f  the alumina surf ac e  c o ns i s ts o f  
oxide ions ( 02-) formi ng a su rfac e layer wi th aluminu m 
ions (Al3+) lyi ng i n  the next lower pla ne equi dis tant f ro m  
four surfac e oxid e ions .  Only three fourths o f  the alumi­
num ion pos itions a re f i l l ed to ma intai n  c ha rge neutra-
li ty2 7. This s i mpl e surfac e i s  al tered by the pres ence of 
a dsorb ed wa ter and f i ve di s ti nc t  types of hydroxyl 
groups 2 8 • The surfac e conc entration of thes e con s ti tuen ts 
can be a ltered by hea tin g .  At temperatures l es s  than 300°c, 
water that has not been ad sorbed as a mo nolayer is remo ved , 
whi le a t  tempera tures greater than thi s  mos t  ad sorbed 
wa ter i s  los t2 5• Wi th temperatures between 300 a nd 8 00°c, 
hy droxyl forma tion can a l so occur depend i ng upo n  the 
availabili ty o f  water2 512 9 • Three o f  the f i ve hy droxyl 
group types can su rvive a t  temperatures up to aoo0c28 . 
The numb er o f  expo s ed a l uminum ions i nc rea s es with the los s  
o f water a nd hy dro xyl groups from the surfac e2 9 • 
The a dsorptio n o f  o l ef in s on the su rfac e o f  alumi na is 
thought to occur as  the resul t  of elec tro s ta tic i nterac tion 
between the TT el ec trons of the olef i n  an d the po s i ti ve 
f i el d  of the alumi nu m  io n2 7130 , the pos i tive f i el d  bei ng 
greates t di rec tly over the aluminu m  ion2 7• The exact 
11 
na ture of this interactio n s eems to depend on the speci f i c  
environment o f  an exposed alumi num io n3 0  and also po ssibly 
upon the a vailabil ity o f  empty p-type a l uminum orb ital s on 
the surface3 0  '31• The behavior of bu tene· on � alumi na 
s ho ws that thr ee distinct types o f  s ites are present on 
the sur f ace32 • Thes e s ites are a ssociated with strong 
.. a dsorption, isomer ization or D2 exchange. Ho wever , in al l 
cases the s ites appear t.o involve expos ed aluminum ions .  
Reflectance Spectro scopy 
33 Ref lectance spectroscopy meas ures the r ef lected 
l ight flux from a samp l e  ins tead o f  the l ight flux which 
pas s es through. Measurements are r ecorded as p ercent 
r efl ecta nce. 
% R = I /Io x 1 0 0  (1) 
I is the intens ity of the light r ef l ect ed , and Io is the 
intens ity o f  the i ncident beam . The l ight ref lect ed from 
the samp l e  is compos ed o f  two par ts ,  sp ecu lar r efl ectance 
-a nd dif fuse r efl ectance. Specular ref lectance is a mirror 
type r ef lectio n occurr i ng at the sur f ace , while di f fuse 
r ef l ectance occur s as the r esult o f  absorption and 
s ca ttering of the l ight withi n t he samp l e. I n  sampl es 
containi ng weak absorber s, diffuse ref l ectance i s  the ma j or 
compo nent. 
The Kubelka-Mu nk equation, which is an approximation 
to the equatio n  of radiative transfer , is the mo st common 
means of interpreting diffuse reflec tance spectra . The 
Kubelka�Munk function i s  a relation ship between the con­
centration of the absorbing specie s  and the dif  fu�e 
reflectance . The formulation for the Kubelka-Munk .func -
tion is , 
F (R) = (l-R ) 2 = k (2 ) -
2R s 
12 
where R i s  the dif fuse ref lectance of a s ample of inf inite 
thickne ss , k is the molar absorption coef f ic ient , and s is 
the scatter ing coe f f ic ient of the sample . Usually s can be 
assumed constant over a wide wavelength range . The molar 
absorption coe f ficient can be replaced by the product 2 . 30�c 
where E i s  the molar absorptivity and c the molar 
concentration . Equation (2 ) then reads 
F (R) = 2 .  3 0 E- c 
s 
(3) 
For the linear dependence between F (R) and c to be 
observed , precautions must be taken to decrease the 
specular reflectance . The superpo s ition o f  a large 
specular component with the dif fuse component results in a 
distortion of the diffuse reflectance . To decrease  the 
specular contr ibution the partic le s i z e  o f  a weakly ab­
sorbing s ample should be approximately 1 . 0� . The optimum 
% R range for concentration accuracy in a sy s tem showing no 
deviation from the Kube lka-Munk equation i s  between 2 0  
and 8 0% R34• 
13 
The suitability of reflectance spectroscopy in 
studying �urface phenomena has been demonstrated by 
Kor.tuem35, who has applied the technique to the determina- · 
tion of surface areas, adsorbent-adsorbate interactions, 
kinetic studies of surf ace adsorbed systems and the 
determination of· equilibrum constants for material in the 
adsorbed state. Successful application of reflectance 
spectroscopy depends largely upon sample preparation. Key 
considerations are36: 
1) The ability to obtain small adsorbent particle 
size through grinding, which gives a small and 
consistent specular component. 
2 )  Prevention of shadows on the surface. Shadows 
are due to poor packing of the sample, and they 
can alter the reflectance values from one 
sample to the next. 
3) A consistent method of packing the sample, 
since the reflectance does show a dependence 
on the degree of packing. 
4) A sample system which is designed and handled 
to exclude substances such as water which 
would displace the adsorbate from the adsorbent. 
5) A consistent method of introducing the adsor­
bate to ensure reproducible and homogeneous 
surface coverages. 
323301 
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-If these conditions are observedi reflectance .spectroscopy 
can be used to obtain meaningful data from adsorbed 
systems. 
15 
EXPERIMENTAL 
Ul tra viol et and Vis i bl e  Spec tra 
Al l ul tra violet and vi s ible spe ctra were reco rded on 
a Beckman DK-2A ratio recording spectropho tometer f i tted 
wi th a Be ckman 24 500 refle ctance a ttachment. The spe ctral 
s hi ft plates we re positioned for d i f fu se re f lectan ce. 
Neutral a lumina s ealed in a con ta ine r  f itted wi th a 
qua rtz o ptica l flat was used a s  the re f e rence s tandard. 
For 100% R adjus tment a Beckman Baso4 p l a te wa s u s ed .  
The unit wa s ope rated i n  a comp l e tely dark room with 
the l ight-emitting e l ec tronic s shielde d. Thi s  was 
nece s sary becau s e  the s i z e  of the s amp l e sys tem re quired 
the s pe ctra to be recorded wi th the s a mp l e  and refe rence 
port access door open. When al igning the samp l e  sy ste m  
(Figure 4) a t  the sample po rt, the photo mu l tip l i er tub e 
was turned o f f .  Af te r  placement o f  the s a mple sys te m, 
the pho tomultipl ier tube wa s reene rg i z ed and·the sp ec trum 
recorded. A Kinderman #225 4 8 safe l ight wi th a 15 watt 
bul b  wa s u sed to ope rate the uni t  a f te r  the sa mple sys tem 
was in place. The spectra, howeve r, were re co rded in 
compl ete darkn es s .  
Electron Parama gne tic Resonance Spec tra 
The el ec t ron paramagne tic resonance spec tra were 
recorded on an in strument cons tructed by D r. J. R. Tunhei m  
�nd David Aaron of the South Dakota State University. 
physics department . The unit consisted· of a Varian ·o-s 
kilogau s s field regulated magnet and a microwave bridge 
operating at 9.48 gigahert2. 
Irradiation Source 
All sample irradiation was done using an Osram 200 
16 
watt super pressure mer<?ury lamp (HBO 200W) • The _poyver 
supply was an Oriel model 6240 and the lamp was contained 
in an Oriel model 6137 housing. The housing was equipped 
with a 35 nun f/i.o ultraviolet grade fused silica lens. 
The source emission was filtered through a 313 nm Barr 
Associates Inc. interference filter . 
Adsorbent Grinder 
All alumina was ground in a Spex model 8000-11 mixer 
mil l using a tungsten carbide vial and ball. 
Temperature Control 
Temperature control for the sample system was provided 
by a Poly Science model 73 irmnersion circulator in an insu­
lated oil bath. Manufacturer specifications list control 
accuracy as ±o.01°c. 
The temperature of the oil bath was monitored by a 
copper constantan thermocouple used with a Biddle 
model 72-310 potentiometer. Thermocouple construct ion was 
. 37 
patterned after the design of. Adams • The thermocouple 
17 
w-as calibrated at the boiling point of water and tempera­
tures were obtained by interpolation within ±o.s0c38·• A 
crush.�d. ice bath was used for the reference junction. 
The sample system was maintained at elevated tempera-.. 
tures by inunersing the optical cell portion of the sample 
system in the oil bath. The sample system was placed in 
direct contact with the oil. and upon removal the quartz 
optical flat was cleaned using ethanol. 
yacuum Line 
The vacuum ·line was constructed of Pyrex with 
diffusion and fore pump connections being made with Tygon 
tubing reinforced with coiled nichrome wire. The joints , 
and stopcocks on the vacuum line were greased with 
Apiezon N. The fore pump was a Welch Duo-Seal model 1400 
and the diffusion pump was a eve VMF-11 with Dow Corning 704 
silicone pump fluid. Performance for the system, while 
cold trapped with liquid nitrogen, was 5 x io-6 Torr 
without sample and l x i o-5 Torr with sample system. Mani­
fold pressures were monitored by a Konte�/Martin M-403120 
cold cathode vacuum gauge system. 
Sample Cells 
Figure 4 illustrates the sample system used for �11 
trials involving reflectance spectroscopy. The cis­
stilbene trials were carried out using an adsorbate sid�arm 
V-4mm 
adsorbate 
sidearms 
c (::J 
m 10/30 
�·14/35 
� 14/3 5 
� 14/35 
adsorbent 
sidearm 
optical cell 
Figure 4. Reflectance sample system. 
1.8 
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accessed through an Ace FETE greaseless stopcock (0-3 mm) ., 
A sidearm without ·a stopcock was us,,ed for the trials 
involving trans-stilbene and phenanthrene. The quartz, 
optical flat was cement�d in place using Devcon 2 Ton 
epoxy. The vacuum grease used on all joints arid stopcock 
was Apiezon T. 
Figure 5 illu strate s the sample system used for the 
electron paramagnetic resonance trials. The sample tube 
doubled as the adsorbate sidearm. The vacuum grease used 
on all joints and stopcock was Apiezon T .  
Chemicals 
The trans -stilbene was obtained from Matheson, Coleman 
and Bell and was �cintillation grade. It was used as 
received. 
The cis-stilbene was obtained from Aldrich and was 97% 
pure (B. P. 82-84°c;.o.4mm). Since the cis-stilbene trials 
were qualitative, it was used as received. 
The phenanthrene was obtained from Eastman Organic 
Chemicals . It was recrystalli zed twice from ethanol so 
that the melting point range was within i0c (97-98°C 
uncorrected) . 
The neutral, acidic and basic aluminas were obtained 
from Fischer Scientific Company. The alumina was chroma­
tography grade with a particle size distribution of 80 
to 200 mesh. After 15 minutes g rinding in the Spex mixer 
� 12/18 
adsorbent 
sidearm 
V-2mm 
graded 
seal 
sample 
tube 
�·10/30 
Figure 5 .  Electron paramagnetic resonance 
sample system. 
2 0  
mill, a mean partic le size of 1. 5 fl was obtained 
(Figure 6). An x-ray powder ·pattern -was taken of neutral 
alumina on a Picker x-ray unit fitted with a 180 mm Debye 
Scherrer powder camera� The re sult s showed that the 
alumina was a mixture of crys tal types. Quantachrome 
Corporation o f  Greenda le, New York, performed a single 
point BET analys i s on a neutral alumina sample outga ss ed 
at 1S0°c until a vacuum- of 5 x io-5 Torr was obta ined. A 
surface area of 140 m2 /gram was reported. 
Adsorbent Activation 
21 
Outgassing of the alllillina, 11.5 grams for reflectanqe 
trials and 3.0 grams for electron paramagnetic resonance 
trials, was carried out at either ·150-155°c or 400-4 l o0c. 
The activation procedure for the iso0c tria l s i�volved 
heating the ad sorbent for approximately 8 hours under 
vacuum. At the end of this time period, ·the temperature 
wa s rapidly increased to 3So0c and the furnace control was 
then turned back to 150°c. This decreased the time 
necessary for the manifold pressure to reach 5 x 10-S Torr 
(a·pproximately 1 hour). At this point, outga s sing was 
s topped and the sample system was isolated from the vacuum 
line for adsorbate introduction. For the alumina activated 
at 400-410oc, this temperature was maintained until the 
manifold.pressure reached 5 x io-5 Torr (approximately 60 
hours ) .  
------- - ------ ---
measured particle size (app. mean) 
magnification: 383 
mean particle size; 6 0 OA = 1 • 5_,A.-< 
383 
. 6mm 
Figure 6. Particle size distribution for neutral alumina 
ground 15 minutes. 
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Ad�orbate Introduct ion 
For trans-stilbene o.r phenanthrene approximat;ely 
5 .6 x lo-5 moles/gram of alumina was p l a c e d  in the 
adsorbate sidearm and mounted on the sample system with 
23 
the adsorbent sidearm. After the alumina had been 
outga s sed , the s ample system \11as removed from the vac uum 
line and placed in a 95oc oven for 15 minute s to facilitate 
the volatilization of the adsorbate. The trans-stilbene 
tria s were returned to the vacuum line and outgassed 
at 12soc until.the manifo ld reached 2.5 x lo-5 Torr 
(approximately 15 minutes) • 
For cis - s tilbene an assumed excess was p laced in the 
s ealable adsorbate s ide a rm and evacuated to 2 x lo-4 Torr 
prior to placement on the sample system. The volatile 
n ature of the cis-stilbene prevented further evacua tion. 
With the ad sorbate system evacuated, the sidearm was 
sealed o f f  and mounted on the sample system with the 
adsorbent sidearm . The system wa s then tr·e ated as in the 
trans-sti lbene tria l s . 
Loading of Optical Cell 
The adsorbed sys tem was transferred from the adsorbent 
s idearm to the optical cell or sample tube by inverting the 
s idearm and t app ing. The samples for ref lectance mea sure­
ments were then placed on the ba se o f  the. vacuum.rack· over ­
night and the vibration from the fore pump_ packed the powder. 
24' 
Irradiation 
The reflectance samples were irradiated for 30 minutes .. 
at a di stance of 55 mm. The power supply setting for the 
irradiation source wa s 52 volts and 3.0 amps . The electron 
paramagnetic resonance sample was irradiated for SO minut es 
at· a distance of 30 mm . The sample tu�e was repositioned 
every 5 minut es to allow direct irradiation of all portions 
of the adsorbed system. The power supply setting was 52 
volts and 3.0 amps. 
Kinetic Measurements 
Kinetic data was obtained by placing the sample system 
in the constant temperature oil bath and then removing at 
later time period s to record the. spectra . The spectra were 
rec orded at a fixed time interval after removal from the 
oil bath. This was necessary because stilbene exhibits a 
temperature dependent hyperchromic shif t . The t ime out of 
the oil bath was not included in the recorded time. Moni­
·toring continued until no appreciable cnange was noted in 
the spectrum. 
25. 
RESULTS AND CONCLU SIONS 
With trans-stilbene adsorbed onto a 1So0c activated 
neutral alumina, irradiated at 313run, and then allowed to 
stand for a period of time at an elevated temperature, the 
behavior shown in Figure 7 was rioted. Upon irradiation the 
. initial trans absorptions at 315 and 235 nm \"!ere replaced 
by ab�orptions at 293 · and 252 nm, coinciding with the 
spectra of
. 
cis-stilbene3 and phenanthrene (Figure .8). No 
absorptions in the visible region (360-800 nm) were 
observed. After approximately 72  hours at 95°c a distinct 
return in the area of the major trans· absorption (320 nm) 
was noted, accompanied by a decrease in the cis-stilbene 
and phenanthrene tegion. Reirratliation of .the return pro­
duct (Figure 9) behaved in the sa�e manner as the initial 
trans-stilbene system inferring that the return product 
was J.n fact trans-stilbene. 'I1he red shi'ft seen for the 
return peak implied that the return trans-s tilbene was 
subject to a strong adsorbent interaction39• The low 
return yield of trans�stilbene was assumed t6 be due to the 
loss of weakly adsorbed molecules from the surface· by 
irradiation, or the for�ation of phenanthrene. 
Previous work done on the· irradiation of adsorbed 
stilbene?, 1 6  did not consider the post-irradiation behavior 
of the system. A studyl!O using � sul�stituted stilbenc 
(4-nitro-4' -hydroxy-a< -cyan ostilbcne ) adsorbed onto 
Figure 7. Reflectance spectrum of trans-stilbene 
adsorbed on 150°C activated neutral 
alumina l} before irradiation, 2) after irradiation , agd 3) after approximately 
72 hours at 95 C. . 
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Figure 8 .  Reflectance spectrum of phenanthrene 
adsorbed· on 1So0c activated neutral 
alumina. 
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Figure 9. Reflectance spectrum of return 
product adsorbed on 1S0°c activated 
neutral alumina 1) return product, 
2) after irradiation, and 3) after 
approximately 60 hours at 95°c. 
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nylon 6 . 6  demonstrated that the rma l i someri z ation o ccurred 
in thi s  sy stem by f i rst o rder kinetics . Assuming the 
return proce s s  witne s sed to be a the rmal i s ome �i z at ion , it  
wa s f e l t  thi s  p ro ce s s  might be speeded up through selection 
of adso rbent p H .  The a bi l ity o f  crack ing catalysts 
(alumino s i l i cate s ) to p rotonate su rface specie s ha s been 
s u bs tant iated4 1 , 4 2 and butene i some ri z a t ion on a suitably 
p repared.  surface apparently proceeds th�ough a clas sica l  
carbonium ion4 1 • Broensted a cidity doe s  not appea r  t o  p lay 
a majo r  catalyt i c  rol �  on neutra l  a lumina4314 4 , but \ 
a ctivated a lumina whi ch has been t reated wi th HCl o r  HF 
doe s  s ho w  a B roen sted a ci dity4 5• 
In an attempt to dete rmine whe the r the re tu rn o f  
tran s -s t i l bene afte r  i rradiation could be acce lera ted by 
a Broen s ted acid on the surface ,  tra ns -s t i l be ne wa s 
adsorbed onto neutral , ba sic and acidi c  a lumina s a cti vated 
at lso 0c .  The return of the tran s peak a t  320 nm was 
monito red with respe ct to time at 95°c (Ta ble 2 ) . A 
fi rst -orde r pro ce s s  wa s a s sumed and s in ce the initial and 
fina l con centrati ons of tran s -sti l be ne were not kno wn 
relative con centration s we re obtained f rom F (R)oo-F (R)ti , 
F (R)00 i s  p rop ortiona l to the trans -s t i l bene concentration 
after no furthe r return was note d and F(R)ti i s  proper-
tiona l  to the concent ration o f  trans -s t i l bene a t  various 
times pri or to F(R)00• A lea st s quare s  f it wa s used to 
Table 2. Kinetic data for the return of trans-stilbene 
on l50°c activated aluminas • . 
30 
F (R) ln ( � F (R)) t (min) _  
Acidic alumina (95°c): 
slope = -1.26 x 10-3 
intercept = -3.06 
Neutra1·a1umina (95°c): 
slope = -1.21 x 10-3 
intercept = -2.81 
Basic alum·na (95°c): 
1 1 16 X 10-3 s ope = - . 
intercept = -3.10 
Neutral alumina (115°C): 
9 X 10-3 slope = -2.5 
intercept � -3.24 
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40 . 
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g ive the be st stra ight l ine through the d a ta po int s ln 
(F ( R )co -F ( R )  ti ) ,  ti . The e f fective r a te con stant , . ke f f , 
wa s obta ined a s  the s lope o f  the lea s t squa r e s  l ine . The 
resu l t s  showed a l l  thr ee kef f ' S  to be wi thin ± 0 . l  x 10- 3  
o f  each other : 
kef f  ac id i c  = 1 . 3  x 10 - 3  min- 1 
ke f f neutra l = 1 . 2  x 1 0- 3  m i n- 1 
ke f f  ba s ic = 1 . 2  x 1 0
- 3 min
- l 
. 
3 1 
Thi s  r e s ul t sugge s t s  one o f  two po s s ibi l i t i e s .  Either the 
ac idi c a lumina d�e s  not have s ig n i f i c an t  Broe n ste d a c id ity 
a fter activation , or the re turn of tran s - s tilbene ha s not 
been a f fec ted by the ava i labi l i ty o f  surface proton � .  
The p l ots o f ln {F ( R )00 -F ( R )  ti ) ver su s t ime {F igure 
10 ,  11 and 12 ) a l so suggest tha t the sy stems are no t 
corr c t l y  d e f ined by f ir s t-order k inet i c s . A trial per ­
formed on neutr a l  alumina ac tivated at l s o0c and mon i tored 
at l l s0c (F igure 13 ) accentuated the non l ine a r i ty . Th i s  
non f i r s t-order behav ior ra i s e s  the que s t ion whether the 
deviation i s  d ue to sur face e f fec t s , o r  the dec ay o f 
irrad i a t ion s ide product s .  The sur face e f f e c t  env i s ioned 
. i s one wh ich , due to a po ss i b le nonhomogen i e ty o f  s u r f ac e  
s ite s ,  re s u l t s  in paral l e l  return proce s s e s . Inte r f e rence 
from i rrad iat ion s ide product s  po int s to t he the rma l decay 
o f  DliP c r e a t ing a con secut ive return p r o c e s s . 
i-­
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· F igure 1 0 . Ke f f  g iot for tran s - s ti lbene on 1 S 0°c a c t ivated n e utra l a lumina 
a t  9 5  C .  
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F igure 1 1 . Ke f f p lot for tran s - s ti lbene on 1 S 0 °c ac tiva ted a c i d i c  a l umina 
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To d i f fe rentiate be tween the se two po s s i bi l i ties 
cis -s ti l bene · was adsorbed onto a neutral alumina a ctivated 
at 1 S o0c ,  and a l lowed to s tand at 9 S0c for 4 8 hours . The 
result o f  thi s  experiment ( Figure 1 4 ) sho we d  the re is no 
appre ciable change in the initial and f inal spectra . The 
re turn o f  tran s - s ti l bene obse rved in the i rradiated trial 
was not the re sul t of a thermal ci s -tran s  i some ri z a tion . 
Since the pos s ible irradiation products phenanthrene , ci s ­
. s ti l bene , 9 , l O · phenanthroquinone1 6  and even te traphenyl­
cyclo bu tane4 6 have been reported a s  s ta ble on alumina the 
re turn o f  tran s -s ti l bene has to be due to a pho toinduced 
intermediate . 
Irradiation o f  cis - s ti l bene at 3 1 3 n m  on a ls o0c 
activa ted neutral a lumina showed the behavior seen in 
Figure 15 . The in i tial cis a bsorption d i s appears on 
irradia tion and a phenanthrene absorption appea rs . Af ter 
approxi mate ly 48 hours at 9 5°c the spe ctra sho w a 
reappearan ce o f  cis -s tilbene , an incre a s e  in the phenan­
threne a bsorption and the formation of a s ma l l  tran s peak .  
This behavior ha s two intere s ting a spe cts ; f i rs t ,  the 
s ma ll a mount o f  tran s - s tilbene formed,  and s e cond, the 
con tinued formation of phenan threne a f te r  i rradiation ha s  
s topped. The small amount of tran s -s ti l bene fo rmed a f te r 
F( R)  . 1 5  
. 1 2 
. 09 
. 0 6 
. 0 3 
F igure 14 . Ref lec tance sp ectrum o f  1 )  ci s ­
stilbene ads orbed on 1 S 0 °c ac tivated 
neutral a lumi na , and 2 )  a f te r  
appro x imately 4 8  hours at 9 5°c .  
. 
\ 
26 0 3 0 0  34 0 nm 
37 
F ( R ) . 1 5 
. 12 
. 0 9 
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Figure 1 5 . 
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Re f l ectanc e spec trum . o f  c i s - s ti lbene 
ad s orbed on i s o0c ac tivated neutral 
a lumina 1 )  be fore irrad i at ion , 2) af ter 
irrad i a t ion , and 3 )  a f te r  approximately 
4 8  hour s a t  9 5°c . 
1 
2 6 0  300 340 run 
3 8  
3 9 
irradiation suggests that the intermediate does not undergo 
con figurational -rotation . The trans -sti lbene obtained shows 
a strong adsorbent interaction which suggests that it was 
pre sent pr ior to irradiation but overshadowed by the large 
cis  absorption . The continued formation of  phenanthrene 
has interesting implicat ion s in that phenanthrene in 
solution has been determined to resu lt only from the exci ted 
c i s  s inglet . 
An electron paramagnetic resonance spectrum was taken 
of tran s - s t i lbene adsorbed on neutral a lumina activated at 
l s o0c and i rradiated at 3 1 3  nm . The formation of  a singlet 
does not result in an electron paramagnetic re sonance s ig-
nal . However ,  it  was antic ipated that if s inglet stabili-
zation occurred excited triplets would a l so be present and 
a s ignal could be obta ined . The result showed (Figure 1 6 ) 
only a minor organic radical signal at approximate ly 
g = 2 . 0 .  This result doe s not definitely prec lude excited 
state stabiliz ation . It would be pos s ible for a _ triplet 
to be present but due to coupling interaction s  or number of 
spins pres ent (maximum number of spins po s s ible for thi s 
system 3 . 3  x 1 0 1 8 ) a triplet wou ld not be detected . The 
solution behavior of exc ited state s inglets and tr ip lets
4 7 
though , doe s not tend to support stabil i zation . In general 
one would a l so expect to see an absorption spectrum for 
thi s  type of intermediate . 
signal to noise  ratio = 5 
g = h v = 2 . 0 0 6 ( 5 6 )  f3Ho 
f3 = Bohr magneton = 9 . 27 32 x l o -2 1 erg/gaus s  
H0 = f ie ld s trength = 3 . 3 7 5  x 1 0 3 gauss  
h = Planck constant = 6 . 6 2 5 6 x l o- 2 7  erg s ec 
v = frequency of radiation = 9 . 4 8 x 1 0 9 Hz 
Figure 1 6 . Electron paramagnetic resonance spec trum of  
irradiated trans - stilbene adsorbed on 15 0°c 
activated neutra l alumina . 
4 0  
, . . . .  
The behavior of  the intermediate with respect to 
increased surface activity was also investigated , surface 
activity being as sociated with the number of e�posed 
aluminum ion s . The surfaces envis ioned for the ls o 0c 
and 4 0 0°c activated neutral · alumina both have exposed 
Al3+ and o 2 - ions resulting from the grinding proce s s . 
4 1  
Prior to activation both have ad sorbed water from atmos� 
pheric handling . The a�tivation process  at  1 S 0 °c in vacuum 
remove s  only weakly adsorbed water , presumably leaving a 
3+ 2 surface with exposed Al and 0 - ion s in  a framework of an 
incomp lete adsorbed monolayer of water . The vacuum activa­
tion at  4 o o 0c removes the monolayer o f  water , but due to 
s low pumping speed of the vacuum line · hydroxyl formation 
probably occur s . Such activation l ikely give s  a surface 
with an increa sed concentration o f  A1 3+ and 0 2 - ion s  in a 
framework o f  ad sorbed hydroxyl groups . 
The time required for no further return of  tran s ­
stilbene o n  i s o 0c activated alumina i s  approximately 30 
hours at 95°c .  For the 400°c activation no further return 
is noted at 95°c after approximately 1 6  hour s . In prelimi­
nary work per formed by Hecht4
8 , the surface wa s prepared by 
grinding the trans-stilbene onto the alumina in an air 
tight container . This procedure should have resulted in a 
3+  d 2 - . 1 . high surface concentration of Al an 0 . ions , re atively 
free of  adsorbed water and hydroxyl groups . The irradiated 
4 2  
sy s tem showed near ly a complete return o f  tran s - s t i l bene i n  
le s s  than 2 4  hou rs a t  2 s0c .  A 1 S 0°c ac t iva te d neutra l 
a l umina sys tem s howe d v i r tua l ly no return a t  2 s 0c w i t h i n  
thi s  s ame t ime per iod ( F i gu re 17 ) . Th i s d a ta s ugge s t s  t h a t 
the s tabi l i ty o f  the i nte rmed i a te decrea se s w i th incre a sed 
sur f ac e a c t iv i ty . 
A f i na l a s pe c t  o f  the inte rmed iate no ted wa s that a f t e r  
n o  f u r the r r e turn o f  t r an s - s t i l bene wa s seen a t  9 5°c , 
increa s in g  the temper a ture to 125°c c r e a ted a f urther re tur n 
o f  tran s - s t i l be n e  on 4 0 o0c act ivated neutra l a l umina 
( F i gure 18) . O f  con c e rn a t  th i s  po i n t  wa s whe the r the 
kine t i c  s tudies had be e n  termina ted too soon to re f l ec t 
f i r s t - or d e r  behavi or . The data from the 9 5°c and 1 1 5°c 
tr i a l s  on i s o 0c ac t iva ted neutr a l  a l umi n a  were ana ly z ed 
u s ing a non l in e a r  lea s t  s quare s program5 3 i n  an a t tempt to 
an swer th i s  que s t ion . Th i s  prog ram a l lowed the s l ope , 
inte rc ep t , and F ( R )co va lue s to vary g iv i ng the be s t l inear 
f i t to the ln (F ( R )co -F ( R ) t i ) , ti data po int s . If the 
compu ted va lue o f  F ( R ) co  wa s g r e a t e r  than the exp e r imenta l l y 
determ ined va lue the proc e s s  c o u l d  i n deed be f i r s t -order in 
tha t a c or r e c t end po i n t  had not as yet been r e a c hed . 
Howe ve r , i f the c omputed F ( R ) 00  wa s l e s s  than th a t  
expe r ime n t a l l y  de te rmined , the pro c e s s  would no t b e  f i r s t ­
orde r i n  that an end po i n t  had to be r e a c hed pr i o r  to that 
recorded e ·perime n t a l ly . The compu ted F ( R ) 00 va l ue s  
F ( R )  
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Figur e 17 . Re f le c tance spectrum o f  tran s - s t i l be ne 
ads orbed on 1S 0°c a c t ivated neutra l 
a l umina 1 )  be fore i rrad iation , 2 )  · a f ter 
i rrad iation , and 3) a f ter approxima te ly 
2 4  hour s a t  2 s0 c . 
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Re f lec tance spec trum o f  return p roduct 
on 4 0 0 °c a c t ivated n e ut r a l a l umi n a  
4 4  
1 )  a f ter approximate l y  3 6  hours at 9 5°c , 
and a >  a f te r  approximate ly 2 4  hours at 
1 2 5°c • 
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obtained (Table 3 )  showed that a sma ller value was needed 
and con f irmed nonf irst-order behavior . 
4 5  
In summary the photo induced intermediate ha s shown the 
fol lowing characteristics . 
and 
1 )  The intermediate does not exhibit  a vis ible or 
ultraviolet spectrum except perhaps in the region 
of the c is-stilbene and phenanthrene absorptions . 
2 ) The intermediate does not exhibit a s igni ficant 
e lectron · paramagnetic resonance s igna l . 
3 )  The intermediate does not appear to be dependent 
upon the presence of a Broensted acid . 
4 )  The intermediate doe s not appear to undergo 
con f igurational rotation . 
5 )  The decay o f  the intermed iate resu lts in tran s­
stilbene showing strong adsorbent interaction . 
6 )  The stabil ity of the intermediate appears to 
be inversely related to surface activity . 
7 )  The decay of  the intermediate doe s not proceed 
by f irst-order kinetics . 
8 )  Phenanthrene formation continues to occur after 
irradiation o f  cis -stilbene ha s stopped . 
These  re su lts rule out several po s s ib le intermediates . 
The lack o f  a visible or noticeable ultraviolet spectrum 
along
. 
with a small electron paramagnetic resonance signal 
Table 3 . Nonlinear least square value s for return of 
trans -stilbene on 1 S o0c activated neutral 
alumina . 
g s0c 11 5°c 
slope -2 . 2 1 X· 1 0- 3 -6 . 3 5 x i o - 3 
intercept -2 . 8 4 - 2 . 9 9 
F (R)00 . 0 7 4 8 2 . 0 6 0 3 3  
4 6  
4 7  
pre c l ude s a non c la s s ic a l  carbon ium ion a s  the inte rmed i ate . 
S c h  a spec i e s  shou ld show a s ign i f ican t e le ctron param�g �  
net ic r e s onance ·s igna l  and ma j or absorption � i n  the v i s ible 
and ul travio let reg ion s4 9 . A c l a s s i c a l  c a rbon i um i on i s  not 
a s a t i s factory intermed i ate , bec au se forma ti on of the 
inte rmedi ate doe s not appear to d ep end upon the Broens ted 
ac idi ty of the sur face . F inal ly , the f ormation of a c arbene 
is no t c on s i s tent w i th the continued f ormation of phenari­
threne , due to the carbene ' s  abi l ity to wi thdraw e le ctron 
den s i ty f rom the phenyl r ing s . 
Although a de f i n it e  a s s ignment c annot be made f or the 
intermed i a te s truc ture , the exper imenta l ev idence in con ­
junct i on with o l e f in ad s orpt ion charac te r i s t i c s doe s  sugg e s t  
a . po s s i b l e  in te rmediate . T h i s  intermed i ate i s  based on the 
photo - exc ited ethylenic 7T e l ec tron s inte ract ing w i t h  the 
vacant p - type a l um inum orb i ta l s to form a d at ive s igma bond 
(Figure 1 9 } . The f orma t i on o f  th i s spe c i e s  would appear 
rea sonab l e  in that the e t hy l en i c  carb o n s  conta in the 
g reate st TT e le c tron den s ity 5 0  and wo u ld p r e f e ren t i a l ly 
ad sorb over an expo s ed a l uminum ion � I t  i s  f e l t  tha t the . 
i rr adiat ion proce s s  make s the s e  rr e lectron s ava i l ab l e  to 
the vacant p- type orb i ta l s  on the a l um inum i on and bond ing 
re s u lt s . 
Qua l i t at ive l y  this spec i e s  c an ac c ount for the expe r i -
men tal behav ior o f  the i n terme d i ate . The lack o f  a v i s ib l e  
4 8  
or not iceable ul trav i o l e t  spectrum would be due to the los s 
o f  conj ugat ion a c ro s s the central bond . Thi s  sho u l d  re sult 
in a spectrum s imilar to ben z e ne with only one weak 
ab sorpt ion max imum above 2 2 0  run ( 2 5 6  nm , E- = 1 .  9 9  x 1 0 2  in 
cyclohexane
5 1
) • The return of the tran s - s t i lbene ab sorpt ion 
s hould coincide with a los s of ab sorption i n  thi s  region and 
thi s  is ob served . The lack of c on f igur a t iona l rota tion and 
strong ad sorbent interaction o f  the r e turn t r an s - s t i lbene 
would be c on s i s tent with the propo sed spec ie s . The de c re a s e  
i n  s tab i l ity o f  the intermediate a s  surf ace ac t iv i ty 
increase s can be accounted for with thi s spec ies by . consi­
deri ng the s urfac e  interac tion with the phe nyl r ing s . The 
norma l con f iguration for tran s - s t i l bene i s  p lanar . The 
formation o f  the dative s igma bond would force a . change in 
the sp2 hybr idi z at ion whi c h  would l i ft t he phenyl r i ngs 
f r om the su r f ac e . Wi th i ncrea sed sur f ace activity the 
conc entrat ion of exposed a luminum ions increa s e s  on the 
sur f ace , and the e lec tro s tatic i nteraction with the 
electron s of the phenyl r i ng would also increase . The 
gre a ter the sur face ac tiv ity the mor e  s igni f icant the 
interact ion bec ome s in attempt ing to r e s tore the pheny l  
r in g s t o  a p l anar con f iguration . The re s u lt wou ld be a 
weaken ing o f  the dative sigma bond d ependent upon sur face 
activat ion . This app roach would al so s a t i s f ac tor i ly 
expl in the dev i ation f rom fir st -orde r  kinetic s c ince it 
would be d i f f icult to obtain a homogeneous sur face inter­
action for all  the phenyl ring s due to s i te variations , 
re s idual · hydroxyl groups and adsorbed water . 
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The continued formation of phenanthrene after irradia­
tion of  c i s -stilbene can also be accounted for by the 
change in hybridization due to the formation of a dative 
s igma bond . The los s  of sp2 character in the c is 
conf iguration would place the phenyl r ing s in closer 
proximity to each other allowing for bond formation across 
the �ings when the surface bond is broken . 
A second intermediate can be proposed which would mimic 
the behavior of  the dative sigma bond specie s . In this  
intermediate the photo-excited ethy lenic · n- electrons would 
bond with the oxygen ions surrounding the aluminum ion 
(Figure 2 0 )  • 
The con firmation of  a surface bond and evidence that 
the phenyl ring s weaken the surf ace bond through surface 
interaction are critical aspects for acceptance of  e ither 
of these intermediate structures . It  i s  felt that this 
evidence could be obtained by studying the photo-induced 
behavior of adsorbed ethylene and 1-phenylethylene with 
infrared reflectance spectroscopy . The ethylene system 
would be monitored to determine · whether the ole finic 
carbon-hydrogen absorption s shift to saturated carbon­
hydrogen absorptions , or if  carbon-oxygen absorptions 
50 
F i gure 1 9 . A l uminum bonded inte rmed · a te .  
F i gure 2 0 . Oxygen bonded i n termed i ate . 
5 1  
oc c u r . The 1 - pheny lethy l ene sy stem would be inve stigate d 
w ith re s pect to i t s  po st- i rradiation stab i l ity . If the 
pheny l r ing- sur face inte raction i s  a ma j or f actor the 
inte rmed i a te for thi s  sy stem should show greater stab i l i ty 
than s t i lbene but le s s  than ethy l e ne . 
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